CYCLOOXYGENASE (COX) is a rate-limiting enzyme in the biosynthesis of prostaglandins (PGs). The importance of PGs in various biological systems has led to voluminous studies of two isoforms of COX enzyme: COX-1 and COX-2 (44, 52) . While the COX-1 gene expresses constitutively in most cell types and is responsible for normal physiological functions of PGs, the expression of COX-2 gene is rapidly induced by proinflammatory cytokines, carcinogens, and mitogens in many cell types (50) . Dysregulation of COX-2 gene expression has been reported in association with the pathogenesis of inflammatory diseases, carcinogenesis, neurodegenerative diseases, and a variety of other diseases.
In cardiomyocytes, the biological function of COX-2 remains controversial. Elevated expression of COX-2 gene has been detected in failing human hearts (55) . While several studies indicate a detrimental role of COX-2 overexpression in the heart, the mainstream literatures suggest that COX-2 serves a protective function against cardiac injury (43) . PGs, for example, PGI 2 and PGE, have been shown to elicit a cardiac protective effect against ischemia-reperfusion injury in experimental animals (3, 7, 8, 42) . PGE protects cardiomyocytes from cell injury induced by oxidants and doxorubicin (1, 29, 42, 56) . In addition, PGs appear to mediate the protective effect of high-density lipoproteins on isolated rat hearts from ischemia-reperfusion injury (7) . In the human population, recent clinical and epidemiologic studies have demonstrated an increased incidence of myocardial infarction in individuals taking the prescription drugs Vioxx and Celebrex, specific inhibitors of COX-2 (2, 14, 15, 33) . These lines of evidence support the protective function of COX-2 gene in the heart.
Psychological stress is an inevitable event of our daily life. Stress increases the synthesis of glucocorticoids from the adrenal glands, causing an elevated level of glucocorticoids in the circulating system. Glucocorticoids regulate important physiological processes from body metabolism and biochemical homeostasis to immune responses. Synthetic glucocorticoids are among the most frequently used drugs because of their anti-inflammatory and immunosuppressive capability. The anti-inflammatory action of glucocorticoids largely results from downregulation of proinflammatory genes in immune cells, including COX-2. Despite the vast amount of information regarding the function and widespread pharmacological applications of glucocorticoids, the biological action of these steroids on the heart or cardiomyocytes has not been well studied, as evidenced by the limited number of publications in this area.
Previous studies from our lab (9) showed that glucocorticoids protect cardiomyocytes from apoptosis induced by doxorubicin, an antineoplastic drug known for its side effect of inducing cardiomyopathy. Microarray analyses found that corticosterone (CT) upregulates 140 genes and downregulates 108 genes in cardiomyocytes (9) . Among the list of CT-induced genes, COX-2 mRNA has an average of 3.6-fold elevation (9) . In this study, we characterized CT-induced COX-2 gene expression and investigated the mechanism underlying CT-induced COX-2 gene expression.
MATERIALS AND METHODS
Cell culture and drug treatment. Cardiomyocytes and cardiac fibroblasts were prepared from 1-to 2-day-old neonatal SpragueDawley rats (Harlan Sprague Dawley, Indianapolis, IN) as previously described (36) . Cardiomyocytes were seeded at a density of 2.5 ϫ 10 6 cells per 100-mm dish or 0.3 ϫ 10 6 cells per well of six-well plates. Cardiac fibroblasts were collected by differential plating, seeded in high-glucose DMEM with 10% FBS, and subcultured once to eliminate contamination by other cell types (36) . Cells were placed in fresh DMEM containing 0% FBS for 24 h before experiments.
Animal experiments. Male C57BL/6 mice (Jackson Lab, ME) weighing 20 -26 g at the age of 4 wk were injected (ip) with vehicle or 20 mg/kg of dexamethasone. Animals were euthanized for collection of ventricular tissues 20 h later. Frozen tissues were ground with a pestle and mortar (VWR) in a liquid nitrogen bath, and resulting powders were dissolved in Laemmli lysis buffer for Western blot analyses. The protocol for animal usage was approved by the University of Arizona Institutional Animal Care and Use Committee.
Western blot analysis and coimmunoprecipitation. Cells or tissues dissolved in Laemmli buffer were measured for protein concentration by the Warburg-Christian method (9, 23) . After SDS-PAGE, proteins were transferred to a polyvinylidene difluoride membrane for incubation with antibodies against COX-2 (no. 160106, Cayman Chemical), glucocorticoid receptor (GR; sc-1004, Santa Cruz Biotechnology), CCAAT/enhancer-binding protein-␤ (C/EBP-␤) antibody (sc-150x, Santa Cruz Biotechnology), or vinculin (V9131, Sigma-Aldrich). Horseradish peroxidase-conjugated secondary antibodies (Zymed) bound to the primary antibodies were detected with an enhanced chemiluminescence reaction.
Coimmunoprecipitation was performed with a nuclear extraction kit (Active Motif). The nuclear extracts containing 250 g of proteins were incubated overnight at 4°C with 2 g of anti-C/EBP-␤ antibody (sc-150x, Santa Cruz Biotechnology) in 500 l of low-salt immunoprecipitation buffer (Active Motif). Protein G beads (60 l, Sigma) were added to the mixture and incubated for an additional hour with rocking. The immunocomplexes were then washed six times with low-salt immunoprecipitation buffer. The immunoprecipitated proteins were dissolved in 20 l of 2ϫ Laemmli buffer and boiled for 5 min, before analysis by Western blot.
RNA isolation, semiquantitative RT-PCR, and real-time RT-PCR. Total RNA (2 g) was isolated with TRIzol (Invitrogen) for reverse transcription (RT) using hexanucleotide random primers. RT products (2.5 l) were amplified in a reaction mixture (22.5 l) containing 4ϫ 200 mol dNTPs, 20 pmol each of two oligonucleotide primers (forward 5Ј-TACAAGCAGTGGCAAAGGCC, reverse 5Ј-CAGTAT-TGAGGAGAACAGATGGG), and 0.2 U of Taq DNA polymerase with 30 -35 cycles of 94°C for 30 s, 62°C for 30 s, and 72°C for 20 s. GAPDH was amplified in parallel PCR as an internal loading control with the primer pair of forward 5Ј-AGACAGCCGCATCTTCTTGT and reverse 5Ј-CCACAGTCTTCTGAGTGGCA.
For real-time PCR, hexanucleotide random primers were used for RT with 50 ng of RNA in a 50-l reaction mixture. COX-2 cDNA was amplified with a TaqMan Universal PCR master mix and a COX-2 specific primer/probe mix set (ABI Rn00568225_m1). ␤-Glucuronidase was used as a reference gene (ABI Rn00566655_m1). The reporter fluorescence for newly synthesized DNA was detected with an ABI Biosystem 7300 sequencer during 40 cycles of 95°C for 15 s and 60°C for 1 min after 10-min denaturation at 95°C. The relative difference in the level of COX-2 cDNA/mRNA between samples was calculated based on 2
Ϫ⌬Ct , where C t is threshold cycle. Nuclear run-on assay. A nonradioactive nuclear run-on assay was carried out with nuclei prepared from cardiomyocytes (2 ϫ 
COX-2 promoter luciferase construct, transient transfection, and luciferase assay.
To generate rat COX-2 promoter-luciferase construct, a fragment of rat COX-2 promoter DNA sequence (Ϫ449 to ϩ24) was amplified by PCR using rat liver genomic DNA as a template. The forward primer (5Ј-GGG GTA CCA GAG CAG CAA GCA CGT CAG ACT) contains a KpnI restriction site, while the reverse primer (5Ј-CCT AGC TAG CAG CTC TCC GCT CAG TTT GAC AA) has an NheI restriction site, allowing restriction digestion and subcloning of the PCR product into a pGL3 Basic vector at 5Ј upstream of the firefly luciferase gene (Promega, Madison, WI). The deletion mutant and point mutation of COX-2 promoter constructs were generated as described previously (19) . The mutants of COX-2 promoter sequence were cloned into pGL2 Basic vector (Promega) (49) . The promoter-luciferase reporter construct (0.2 g DNA) was transfected into rat cardiomyocytes at 3 days after plating with Fugene 6 liposomes (Roche). After 5-h incubation with transfection mixtures, cells were placed in fresh DMEM containing 10% FBS for overnight recovery before serum starvation and experimental treatments. Luciferase activity was measured with an assay kit (Promega) and was normalized to the protein content unless indicated otherwise.
For transfecting small interfering RNA (siRNA), at 18 -24 h after seeding in six-well plates, cardiomyocytes were cotransfected with 0.2 g of rat COX-2 luciferase reporter construct and 0.04 g of pRL-TK Renilla in the presence or absence of 100 pmol of C/EBP-␤ siRNA or scrambled sequence (siGenome SMARTpool M-099218-00, Dharmacon) with 3 l of oligofectamine transfection reagent (no. 12252-011, Invitrogen). At 24 h after transfection, cells were placed in serum-free DMEM for 24 h before treatment with 1 M CT for 12 h. Luciferase activities were measured with a dual luciferase kit (Promega), and the activity of firefly luciferase under the control of COX-2 promoter was corrected with Renilla luciferase.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation (ChIP) assay was carried out with an enzymatic shearing kit according to the manufacturer's instruction (Active Motif) with antibodies against C/EBP-␤ (sc-150x, Santa Cruz Biotechnology), GR (sc-1002, Santa Cruz Biotechnology), or normal rabbit IgG. The DNA in immunoprecipitates was analyzed by PCR using the primer pair of forward 5Ј-CTCTCTTGGCACCACTTTGG-3Ј and reverse 5Ј-AGCTCTCCG-CTCAGTTTGACAA-3Ј that recognize the Ϫ227 to ϩ24 base pair (bp) region of COX-2 promoter. The PCR products were separated by agarose gel electrophoresis for detection by ethidium bromide staining.
Statistics. Statistical analyses were performed with ANOVA (P Ͻ 0.05) and the Fisher's least significant difference procedure from STATLES software. Means that are not significantly different from each other are labeled in Figs. 3, 6, 8, 9 , and 12 by a common letter symbol. Therefore, means in the "a" group are significantly different from means in the "b," "bc," or "c" group and so on. Means labeled with "ab" are not significantly different from those in the "a" or "b" group.
RESULTS

Corticosteroids induce COX-2 gene expression.
To characterize COX-2 induction by CT in cardiomyocytes, we examined the time course and dose response following CT treatment. Measurements of COX-2 protein indicate a clear increase of COX-2 at 4 h after CT treatment, and COX-2 remained elevated for at least 24 h (Fig. 1A) . The doseresponse studies found that CT can induce COX-2 protein at a concentration as low as 10 nM (Fig. 1B) . To test the specificity of COX-2 induction by corticosteroids, we examined the effect of several steroids. Three glucocorticoids tested, i.e., hydrocortisone, CT, and dexamethasone, induced COX-2 expression (Fig. 1C) . In contrast, estrogen and progesterone, two hormonal steroids that do not bind to GR, did not increase COX-2 expression (Fig. 1C) . The myocardium contains fibroblasts in addition to cardiomyocytes. Cardiac fibroblasts were tested for induction of COX-2 by CT. In contrast to cardiomyocytes, fibroblasts did not show clear induction of COX-2 protein by CT treatment (Fig. 1D) .
The in vitro finding suggests the possibility that elevating serum levels of glucocorticoids may cause an increase in COX-2 protein in the myocardium. Dexamethasone, a synthetic glucocorticoid having a longer half-life than CT and commonly used for in vivo glucocorticoid supplement, was administered in C57BL/6 mice. Ventricular tissues were harvested 20 h later from three vehicle control-or dexamethasonetreated animals for measurements of COX-2 protein. The results indicate an increased level of COX-2 protein in the myocardium of animals treated with dexamethasone (Fig. 2) .
To determine whether CT induces transcriptional activation of COX-2 gene, the level of COX-2 mRNA in cardiomyocytes was analyzed by semiquantitative RT-PCR and real-time PCR. Figure 3A shows a time-dependent induction of COX-2 mRNA, with an increase of COX-2 mRNA first detected within 30 min of CT treatment and remaining for at least 12 h (Fig. 3A) . In agreement with COX-2 protein data, CT at 50 nM-1 M induced COX-2 mRNA (Fig. 3B) . Induction of COX-2 at the mRNA level was confirmed by quantitative real-time RT-PCR, which revealed fourfold or more COX-2 mRNA in 50 nM-1 M CT-treated cardiomyocytes compared with untreated cells (Fig. 3C) .
Three methods have been used to demonstrate that CT induces transcriptional activation of COX-2 gene: pharmacological inhibitors, nuclear run-on assay, and promoter reporter gene assay. Pretreatment with actinomycin D, an inhibitor of RNA synthesis, prevented CT from inducing COX-2 increases at the mRNA or protein level (Fig. 4) . In nuclear run-on assays, the nuclei from CT-treated cardiomyocytes exhibited an increased rate of synthesis of COX-2 transcript (Fig. 5) . The relative COX-2 transcription rate in vitro is 4.5 times faster with the nuclei from CT-treated cells compared with control (Fig. 5) . A chimeric construct of luciferase gene under the control of rat COX-2 promoter was introduced into cardiomyocytes by transient transfection. Treatment with CT caused an increase in the activity of COX-2 promoter (Fig. 6 ). These data indicate that CT indeed causes transcriptional activation of COX-2 gene.
GR and C/EBP-␤ in CT-induced COX-2 expression.
Glucocorticoids are known to enter cells through diffusion and bind to GR in the cytosol, causing nuclear translocation of the receptor. CT treatment caused nuclear translocation of GR in cardiomyocytes as expected (Fig. 7A) . While activated GR turns on transcription of the genes containing the glucocorticoid response element (GRE), GR participates in chromatin remodeling and interacts with coregulators, resulting in changes in the expression of genes that do not have GRE in the promoters (12, 27, 28, 32, 51) . A widely used GR antagonist, mifepristone (MF), occupies the ligand binding site of GR, preventing it from binding to glucocorticoids (6) . MF provides a useful tool to test whether GR is essential for CT-induced COX-2 expression. Pretreatment with MF abolished COX-2 protein increases by three glucocorticoids (Fig. 7B) . MF also prevented CT from inducing COX-2 mRNA or activating COX-2 promoter (Fig. 8) . These data suggest that GR mediates CT-induced transcriptional activation of COX-2 gene.
We have performed a promoter sequence search for a potential GRE within 3,000 bp upstream of the transcriptional start site and failed to found this consensus sequence in COX-2 gene promoter. Sequential deletion from the 5Ј end or mutation at a specific cis-element site in COX-2 promoter allows us to identify the transcription factor responsible for CT-induced COX-2 gene. It appears that 5Ј deletion upstream of Ϫ220 bp did not significantly affect CT from activating COX-2 promoter (Fig. 9) . In contrast, the Ϫ129 bp COX-2 promoter construct did not show significant activation by CT (Fig. 9) . Between Ϫ220 bp and Ϫ129 bp of COX-2 promoter, NF-IL6 stands out as a well defined cis-element. Mutating the NF-IL6 consensus sequence reduced the response of the promoter to CT stimulation (Fig. 9) . In comparison, mutation of NF-B, a cis-element located between Ϫ327 and Ϫ220 bp, did not affect CT-induced COX-2 promoter activation (Fig. 9) .
C/EBP-␤ is known to bind to NF-IL6 cis-element (25) . GR has been shown to interact with C/EBPs to regulate gene expression (4, 41) . ChIP assays were carried out to address whether CT treatment induced GR and C/EBP-␤ binding to COX-2 promoter. As shown in Fig. 10 , CT treatment caused GR and C/EBP-␤ to bind to the Ϫ227/ϩ24 region of COX-2 promoter. The binding was abolished by pretreating cells with MF (Fig. 10) . To determine whether GR interacts with C/EBP-␤, we performed a coimmunoprecipitation experiment. In the immunoprecipitates of C/EBP-␤, GR was detectable in CT-treated cells (Fig. 11) . MF was able to prevent GR from interacting with C/EBP-␤ (Fig. 11) . To demonstrate that C/EBP-␤ indeed regulates CT-induced COX-2 transcription, we utilized siRNA of C/EBP-␤. This siRNA was found to inhibit CT-induced COX-2 protein (Fig. 12A) . Cotransfecting C/EBP-␤ siRNA with COX-2 promoter reporter construct indicated that C/EBP-␤ siRNA was capable of preventing CT from inducing COX-2 promoter activation (Fig. 12B) . These data suggest that GR regulates COX-2 gene through C/EBP-␤-mediated binding to COX-2 promoter.
DISCUSSION
This study demonstrates that glucocorticoids at physiologically relevant doses induce elevation of COX-2 gene expression in cardiomyocytes in vitro. In vivo dexamethasone administration in mice caused elevation of COX-2 protein in the heart, suggesting the physiological significance of our finding. Mechanistic studies indicated that activation of GR was necessary for COX-2 induction. Both GR and C/EBP-␤ appeared to bind to COX-2 promoter within close proximity to the transcription start site. While MF prevented GR or C/EBP-␤ binding to COX-2 promoter, the physical interaction between GR and C/EBP-␤ occurred as a result of CT exposure. Inhibition of GR with MF or C/EBP-␤ with siRNA prevented CT from inducing COX-2 gene expression. These lines of evidence suggest that the interaction between GR and C/EBP-␤ on COX-2 promoter triggers transcriptional activation of COX-2 gene. Our data are consistent with the literature showing that activated GR interacts with C/EBP-␤ physically (4, 41) and that C/EBPs mediate the effect of glucocorticoids in gene expression (10, 13, 21, 31, 38, 57, 59, 61) .
The finding of COX-2 induction by CT appears to be unique to cardiomyocytes. Cardiac fibroblasts from the same origin did not respond to CT in a manner similar to that in cardiomyocytes (Fig. 1D) . In lymphocytes, pulmonary epithelial cells, airway smooth muscle cells, vascular endothelial cells, the kidney, and the lung, where glucocorticoids have been studied extensively, it is known that glucocorticoids suppress the expression of COX-2 gene (16 -18, 22, 30, 34, 37, 60) . Since C/EBP-␤ is a transcription factor expressed in many cell types and the expression level is high in human hematopoietic cells (Ref. 25 ; www.genome.ucsc.edu), this leads to the postulation that cardiomyocytes exhibit an additional factor collaborating with GR and C/EBP-␤ in turning on the transcription of COX-2 gene. Ligand-bound GR has been shown to interact with a large number of coregulators (12, 27, 28, 32) . Some of these interactions cause chromatin remodeling and increase the accessibility of the transcriptional machinery to the promoter region of target genes. In addition to the possibility that cardiomyocytes exhibit cell type-specific coregulators of GR, we have found that CT activates p38 MAPK in cardiomyocytes but not cardiac fibroblasts in a parallel study (47a) . Cardiomyocytes differ from fibroblasts in the signaling network (36) . The unique nongenomic signaling response to CT may contribute to cell-type specific induction of COX-2 genes.
Psychological stress in general has been linked to an increased risk of hypertension and several other forms of cardiovascular diseases in humans (39, 40, 58) . Elevation of circulating glucocorticoids due to either endogenous causes or pharmacological administration is known to contribute to hypertension in certain individuals (5, 54). Long-term pharmacological use of glucocorticoids is associated with an increased incidence of stroke, myocardial infarction, or heart failure (45, 53) . In experimental animals, chronic administration of glucocorticoids causes cardiac enlargement, abnormal ST and T waves in electrocardiogram, and increases in the size of myocardial infarction (11, 20) . Many of the detrimental effects are related to the activity of glucocorticoids in inducing vasoconstriction and altering biochemical metabolism, such as inducing hyperglycemia and dyslipidemia. Therefore, steroids that do not produce these undesirable effects may be useful for cardiac protection. Earlier experiments had demonstrated that short-term glucocorticoid treatment is cardiac protective (26) . Pharmacological doses (50 mg/kg) of hydrocortisone prevented cardiomyocytes from progressing to necrosis due to ischemic injury in dogs (26) . Methylprednisolone or dexamethasone, the synthetic glucocorticoids, protected the heart against ischemia-reperfusion injury or infarction in cats (24, 46) . A few studies attributed the protective effect to induction of heat shock proteins (HSPs). For example, high doses (10 -100 M) of dexamethasone increase HSP72 gene expression in adult rat cardiomyocytes, and overexpression of HSPs protects against cardiac injury (48) . Our finding here suggests a potential role of COX-2 or its product PGs in glucocorticoid-induced cytoprotection (9) . However, a recent study from our laboratory (47) indicates that CT also induces COX-1 gene transcription in cardiomyocytes. Therefore the functional significance of 
